Bacterial biofilms produce a robust internal mineral layer, composed of calcite, 38 which strengthens the colony and protects the residing bacteria from antibiotics. In 39 this work, we provide evidence that the assembly of a functional mineralized 40 macro-structure begins with mineral precipitation within a defined cellular 41 compartment in a differentiated subpopulation of cells. Transcriptomic analysis of 42 a model organism, Bacillus subtilis, revealed that calcium was essential for 43 activation of the biofilm state, and highlighted the role of cellular metal homeostasis 44 and carbon metabolism in biomineralization. The molecular mechanisms 45 promoting calcite formation were conserved in pathogenic Pseudomonas 46 aeruginosa biofilms, resulting in formation of calcite crystals tightly associated with 47 bacterial cells in sputum samples collected from cystic fibrosis patients.
aeruginosa expressing GFP. Fluorescent microscopy revealed biofilms forming on 170 the tissue prior to its destruction ( Figure 4A ). Using this system, we tested the 171 effect of chemically blocking biomineralization during initial infection stages. 172 Urease inhibition prevented biofilm formation and rescued the lung tissue, without 173 reducing bacterial load ( Figure 4B-C) . Similar results were obtained with carbonic 174 anhydrase and calcium uptake inhibitors ( Figure 4D and Figure S5 ). Preventing 175 calcification significantly reduced lung cell death ( Figure 4E ). Finally, while neither 176 biomineralization inhibitors nor quinolone antibiotics (a first-line antibiotic for 177 treating P. aeruginosa infections) could not effectively eradicate established 178 biofilms, the combination of both classes of drugs significantly increased the 179 sensitivity of biofilms to treatment ( Figure 4F ), consistent with the role of the 180 mineral in protecting the biofilm and confirming the potential importance of biofilm 181 biomineralization in clinical settings. 182 Our work suggests that it is time to reconsider the old definition of bacterial 183 associated mineralization as a passive, unintended byproduct of environmental 184 bacterial activity. Instead, we here provide evidences that it is a defined and 185 regulated developmental process, conferring clear benefits to the bacteria. 186 Understanding the molecular mechanisms that regulate mineralization can identify 187 numerous novel targets for antibiotics, and lead to development of novel classes 188 of drugs to combat biofilm infections -and thus is of enormous clinical significance. calcium-rich foci associated with a membrane from the outside of the cell. 
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Strains and media
All strains used in this work were derivatives from wild type Bacillus subtilis NCIB 3610 or Pseudomonas aeruginosa strain PA14 . A list of strains used in this study can be found in Sup. B. subtilis biofilms were grown on B4 biofilm-promoting solid medium (0.4% yeast extract, 0.5% glucose, and 1.5% agar) (1) supplemented with calcium acetate at 0.025% v/v, incubated at 30°C in a sealed box for enriched CO 2 environment achieved by using the candle jar method (2) . P. aeruginosa biofilms were grown on TB medium, as described previously (3).
Patient's samples: Sputum was collected from adult patients as published previously (4) and stored in 4ºC degrees to allow microscopy. All patients positive for calcite were carrying chronic pseudomonas infections. Specific patient information can be found in Sup. Table 2 . The patients samples were collected under Helskinki approval to Prof. Eitan Keren 0435-17-HMO.
Scanning electron microscopy and EDX
Biofilm colonies were grown for 1, 3, 6, 10 and 15 days at 30°C on biofilmpromoting B4 solid medium, with or without calcium. The colonies were fixed overnight at 4°C with 2% glutaraldehyde, 3% paraformaldehyde, 0.1 M sodium cacodylate (pH 7.4) and 5 mM CaCl 2 , dehydrated and dried as described by Bucher et al.) (5, 6) . Clinical samples were first partially or completely bleached to remove the organic material by 1 hour of incubation in either 3% or 6% sodium hypochlorite, respectively. The insoluble material was collected, washed three times in PBS, three times in acetone and air-dried for 16 hours.
Mounted samples were coated with 15 nm thick carbon layer in carbon coater (EDWARDS). The imaging by secondary electron (SE) or back scattered electron (BSE) detectors and the Energy Dispersive X-ray Spectroscopy (EDS, Bruker) were performed using Carl Zeiss Ultra 55 or Supra scanning electron microscopes.
Cryo-STEM analysis
Bacterial colonies grown as described were suspended in PBS buffer. Quantifoil TEM grids were glow-discharged with an Evactron Combi-Clean glow-discharge device, and 5 microliters of suspended cells were deposited onto the glowdischarged grids. Ten nm-diameter gold fiducials (7) were applied before blotting and vitrification using a Leica EM-GP automated plunging device (Leica).
Vitrified samples were observed with a Tecnai F20 S/TEM instrument (Thermo Fig. 1E .
Tomography reconstructions and visualization
The CSTET tomographic tilt series were aligned using fiducial markers and reconstructed using weighted back projection (9) (as implemented in the IMOD software suite (8) . Reconstructions are displayed after non-linear anisotropic diffusion filtering within IMOD. Segmentation and volume rendering were performed using Amira 6.3 (FEI Visualization Sciences Group).
STED image acquisition
Cells were isolated from 3-6 day old biofilm colonies and stained with Calcein-AM (20 µM) and NileRed (100 µg/ml). Immediately after the staining procedure, the cells were mounted on a coverslip and immobilized by an agarose pad (1% agarose, S750 minimal media). STED microscopy was performed using a Leica SP8 confocal microscope with a 100x oil immersion objective (NA: 1.4). A 552 nm laser line was used for confocal detection of NileRed, a 494 nm excitation laser and a 592 nm depletion laser were used for G-STED detection of Calcein-AM.
Channels were acquired with 200 Hz (4 x line averaging) and the appropriately set HyD hybrid detectors. Images processing was performed using Leica LAS X and the deconvolution of the respective channels was performed using the Huygens algorithm.
RNA extraction and library preparation
Biofilm colonies were grown on biofilm-promoting B4 solid medium with and without calcium for 1, 2, 3 and 6 days. Three independent experiments were conducted, with three colonies from each treatment combined for RNA extraction 
RNAseq processing
Reads were trimmed from their adapter with cutadapt and aligned to the B. subtilis genome (subsp. subtilis str. NCIB 3610, NZ_CM000488.1) with Bowtie2 version 2.3.4.1 (10) . The number of uniquely mapped reads per gene was calculated with HT-seq (11) . Normalization and testing for differential expression was performed with DESeq2 v1.16. A gene was considered to be differentially expressed using the following criteria: normalized mean read count ≥ 30, fold change ≥ 3, and adjusted p value < 0.05. First, we tested for differential expression between samples grown with and without calcium separately for each time point; however, since the results for days 1, 2 and 3 were the same we joined days 1-3. The crude read count, normalized read count, and the result of the differentially expression tests are available in Sup. File 1.
Comparison between growth conditions
We compared our RNAseq expression data to publically available 269 transcriptomes representing 269 different growth conditions (12) . Because that study used microarray platform and not RNAseq, the comparison was performed using the top 10% genes with the highest expression level of every condition and every replicate (383 genes per sample). We than used Jaccard index to measure the overlap between the conditions of the two platforms (i.e. the current study and (12) . Prior to the analysis, we removed 152 genes that appear among the top 10% in more than 80% of the conditions.
Regulon analysis
To analyze the data by regulons, we downloaded from Subtiwiki (13) the complete the list of the B. subtilis regulons and their associated genes. For every regulon, we calculated the average expression of the differentially expressed genes that are associated with the regulon (for days 1-3). We note that a gene can be associated with more than one regulon. Out of 215 Subtiwiki regulons, 83 were found to contain differentially expressed genes (Sup. File 1).
Phase microscopy
Biofilm colonies were observed using a Nikon D3 camera or a Stereo Discovery V20" microscope (Tochigi, Japan) with objectives Plan Apo S × 0.5 FWD 134 mm or Apo S × 1.0 FWD 60 mm (Zeiss, Goettingen, Germany) attached to Axiocam
